Introduction
============

The combined use of aspirin and clopidogrel is the cornerstone for patients undergoing percutaneous coronary intervention (PCI) with implantation of drug-eluting stents to prevent short- and long-term major adverse cardiac events, particularly stent thrombosis. However, the combined strategy commonly advocated by guidelines is often complicated by high post-treatment platelet reactivity (HPR) due to inter-individual variability in response to these drugs. The major limitation of low responses to aspirin and clopidogrel is a result of suboptimal antiplatelet effects reported in 5% to 45% of patients treated with aspirin and 4% to 30% of patients treated with clopidogrel. The low responses to these drugs is reported to be associated with the occurrence of clinical adverse events.[@B1]-[@B3]

To overcome this problem, three options are now recommended: increasing the dosage of these drugs, adding an additional agent (e.g., glycoprotein IIb/IIIa inhibitor, cilostazol), and switching to more potent antiplatelet drugs (e.g., prasugrel, ticagrelor).[@B4][@B5] Low responsiveness is also associated with recurrent excessive bleeding,[@B6][@B7] which has raised great interest in the assessment of platelet reactivity and genetic polymorphisms, with the end goal of possibly tailoring therapy to avoid a \"one size fits all\" strategy using platelet-function or pharmacogenomic tests. Despite the numerous platelet-function tests that are currently under investigation, none have been specifically recommended for repetitive practice.[@B8][@B9]

Among these tests, VerifyNow® (Accumetrics Inc., San Diego, CA, USA), a genuine point-of-care assay, has been described as having advantages such as simplicity, speed, user-friendliness, no need for pipetting, and high reproducibility. The aim of this study was to determine the prevalence of hyporesponsiveness with a cut-off value of ≥240 P2Y12 reaction units (PRU) or ≥550 aspirin reaction units (ARU).[@B10][@B11] We also sought to elucidate the clinical impacts of VerifyNow® monitoring in predicting clinical outcomes in patients undergoing PCI with drug-eluting stent implantation.

Subjects and Methods
====================

Subjects
--------

Subjects were prospectively recruited as consecutive patients with coronary artery disease who had undergone PCI with drug-eluting stent implantation in the Dong-A University Medical center from November 2007 to October 2009. Patients were considered eligible according to the following criteria: 1) \>18 years of age with acute coronary syndrome or new onset of ST-elevation myocardial infarction (MI) over 12 hours or stable angina pectoris not controlled by optimal medical treatment and with at least 70% stenosis of at least one large epicardial coronary artery confirmed by angiography; 2) received a dual loading-dose therapy of 300 mg aspirin (Astrix®, BoRyung Pharm., Korea) and 300 mg clopidogrel (Plavix®, Bristol-Myers Squibb/Sanofi Aventis Pharm., Bridgewater) at least 6 hours before PCI; and 3) underwent platelet function measurements within 12 to 24 hours post-PCI. The exclusion criteria were: 1) \>80 years of age; 2) failure to meet aspirin or clopidogrel requirement of loading dose and time; 3) *de novo* onset of ST-elevation MI within 12 hours; 4) use of a glycoprotein IIb/IIIa inhibitor during PCI procedure; 5) previous PCI or coronary artery bypass surgery within the prior 6 months; 6) ischemic stroke within the prior 6 months; 7) severe renal failure (serum creatinine \>2.5 mg/dL); 8) active internal bleeding or thrombocytopenia (platelet count \<80000 per liter); 9) allergy to aspirin and/or clopidogrel; 10) planned elective cardiac or non-cardiac surgery in the next 6 months post-PCI; 11) requirement for oral anticoagulation; 12) left ejection fraction of \<40%; and 13) treated with any investigational drug within 2 months prior to screening. The study protocol was approved by the institutional review board, and all patients provided a written informed consent for participation.

Study design
------------

All eligible patients had been implanted with at least one drug-eluting stent after dual loading-dose therapy of aspirin and clopidogrel as described above. We then performed platelet function measurement by VerifyNow® assays within 12 to 24 hours post-PCI, followed by standard maintenance dose therapy of 100 mg aspirin daily and 75 mg clopidogrel daily for 1 year. All patients had scheduled clinical follow-ups at 1, 3, 6, and 12 months ([Fig. 1](#F1){ref-type="fig"}).

Platelet function measurement
-----------------------------

After discarding 3 mL of the initial whole blood to reduce spontaneous platelet activation, blood samples were placed in 2 mL Gr-einer partial fill Vacuette® tubes with 3.2% sodium citrate (Greiner Bio-One, Monroe, NC, USA). Then VerifyNow® Aspirin and VerifyNow® P2Y12 assays were undertaken immediately for HPR. Results of platelet responses to aspirin and clopidogrel were expressed as ARU and PRU.

End points
----------

The primary end points were a composite of major adverse cardiac and cerebrovascular events (MACCE: cardiac death, nonfatal MI, definite/probable stent thrombosis and stroke) at 30 days in terms of the presence or absence of High on-treatment Platelet Reactivity (HPR=low or hypo-responder). The secondary end point was an estimation of the rate of HPR at the post intervention periods in the Korean population after aspirin and clopidogrel administration. Additionally, we also analyzed a composite of MACCE at 1 year.

Definite stent thrombosis was defined as acute coronary syndrome with either angiography confirmation or pathological confirmation of thrombosis. Probable stent thrombosis was defined as unexplained death or MI in the territory supplied by a stented vessel without angiographic confirmation.

Statistical analysis
--------------------

Previous studies demonstrated that HPR represents an approximately 3 times greater risk for repeat ischemic events within 30 days of coronary intervention.[@B12] Additionally, using data arising from an Antiplatelet therapy for Reduction of MYocardial Damage during An-gioplasty-Platelet Reactivity Predicts Outcome study,[@B13] we hypothesized that the probability of ischemic events in patients with or without HPR in the current study would be approximately 20% and 6%, respectively.

The estimated sample size required for 80% power with an α of 0.05 is approximately 178 patients. With an anticipated dropout rate of 10%, a total of 198 patients was required.

Continuous variables are presented as mean (standard deviation), and categorical variables are reported as frequencies and percentages. Continuous variables were compared using Student\'s t-test or Mann-Whitney U test, as appropriate. Categorical variables were compared by χ^2^ test or Fisher\'s exact test, as appropriate. A receiver operating characteristic (ROC) curve analysis was used to determine the ability of the VerifyNow® P2Y12 assay to distinguish between patients with or without postdischarge events after PCI.

The optimal cut-off values of PRU for low clopidogrel responders and ARU for low aspirin responders were taken as the cut-off values previously reported in the studies by Marcucci et al.[@B10] (PRU ≥240) and Gum et al.[@B11] (ARU ≥550), which are now widely considered to be optimal cut-off values. A dual low responder was defined as PRU ≥240 and ARU ≥550. Cumulative survival curves for patients with and without low responsiveness were constructed by the Kaplan-Meier method, and the log-rank test was used to assess statistical differences between both patient groups. After assessment of the proportional hazard assumption, univariate and multivariate hazard regression models of Cox were used. The multivariate stepwise forward logistic regression models included all variables (demographic, clinical, and angiographic) that had shown an association with MACCE (a probability p of ≤0.20). A p of \<0.05 was considered statistically significant. All statistical analyses were performed with Statistical Package for the Social Sciences (SPSS) 14.0 (SPSS Inc., Chicago, IL, USA).

Results
=======

Baseline characteristics
------------------------

Out of 200 consecutive patients, a total of 186 patients were eligible as participants in the study from November 2007 to October 2009, with 7 patients refusing to participate, 2 patients missing the check-in time for the platelet function tests, and 5 patients withdrawn due to poor compliance ([Fig. 1](#F1){ref-type="fig"}). Baseline characteristics regarding platelet response to clopidogrel are depicted in [Table 1](#T1){ref-type="table"}.

Post-treatment platelet reactivity and predictors of hyporesponsiveness
-----------------------------------------------------------------------

Statistical distributions of PPR results in overall groups are shown in [Fig. 2](#F2){ref-type="fig"}. The median (range) of PRU was 222 (10, 453), and the upper quartile was 284. The median (range) of ARU was 406 (92, 634), and the upper quartile was 495. The rate of low clopidogrel responders defined as PRU ≥240 was 41.4%, the rate of low aspirin responders defined as ARU ≥550 was 10.2%, and the rate of the dual low responders defined as ARU ≥550 and PRU ≥240 was 3.8%. The predictive factors for low responders to clopidogrel were female sex, age, and cilostazol non-medication in a univariate analysis and age ≥65 years and non-use cilostazol in multivariate analysis ([Table 2](#T2){ref-type="table"}). The predictive factors for low responders to aspirin were age and male sex in both univariate and multivariate analysis.

Relationship between VerifyNow® aspirin reaction units and P2Y12 reaction units values
--------------------------------------------------------------------------------------

There was significant correlation between PRU and ARU values (r=0.322, p\<0.001) and moderate concordance rates in defining low responsiveness (the concordance rate=56%). However, there was no significant agreement between the two values (k=0.013, p=0.79). The plotted relationship is shown in [Fig. 3](#F3){ref-type="fig"}.

Clinical outcomes at 30 days and 1 year
---------------------------------------

Out of 193 patients, a total of 186 patients (96.4%) completed cli-nical follow-up over 12 months ([Table 3](#T3){ref-type="table"}). The ROC curve analysis de-monstrated that PRU and ARU values have a lower ability to discriminate between patients with and without 30-MACCE {PRU: area under the curve (AUC)=0.51, 95% confidence interval (CI) 0.43 to 0.58, p=0.94; ARU: AUC=0.53, 95% CI 0.45 to 0.60, p=0.69} ([Fig. 4](#F4){ref-type="fig"}).

The cumulative event-free survival curve for 1-year MACCE between the patients with normal responsiveness and low responsiveness was not statistically different (p=0.99). One-year MACCE was also compared between the low responder group to either aspirin or clopidogrel and the normal responder group. There was no statistical difference in event-free survival (p=0.74) ([Fig. 5](#F5){ref-type="fig"}).

Discussion
==========

Frequency of aspirin and clopidogrel hyporesponsiveness
-------------------------------------------------------

Our study showed that there was a higher frequency of clopidogrel hyporesponsiveness (41.4%) than aspirin hyporesponsiveness (10.2%). Dual hyporesponsiveness was only at 3.8%. The PRU and ARU showed significant correlation with a moderate concordance rate. We previously reported the frequency of aspirin and clopidogrel resistance using a light transmittance aggregometer (LTA), VerifyNow® assay, and multiplate electrode analyzer (MEA) assay.[@B14] The prevalence of clopidogrel hyporesponsiveness determined by the VerifyNow® assay was higher than that by the other methods but lower than that by the vasodilator-stimulated phosphoprotein (VASP) phosphorylation assay. In our data, about half of the patients who took both aspirin and clopidogrel had either aspirin, clopidogrel, or dual drugs hyporesponsiveness.

Predictors of aspirin and clopidogrel hyporesponsiveness
--------------------------------------------------------

Predictors of clopidogrel hyporesponsiveness have been reported to be associated with gender, age, body mass index, diabetes mellitus, etc.[@B15] In the multivariate analysis of our data, age ≥65 years and non-use of cilostazol were associated with hyporesponsiveness. An association between advanced age and hyporesponsiveness has been identified in many publications,[@B8][@B16]-[@B18] reflecting variables such as decreased renal function and other comorbidities. Therefore, it may be seen as a surrogate marker for low responsive-ness. Female gender has been linked to hyporesponsiveness to clo-pidogrel in some reports,[@B9][@B19] but male gender has also been linked with hyporesponsiveness to clopidogrel by LTA.[@B20] In our report, female gender was related to clopidogrel hyporesponsiveness, but male gender was related to aspirin hyporesponsiveness. This gender issue is interesting and needs to be further investigated in a large well-designed study.

Cut-off values of clopidogrel hyporesponsiveness
------------------------------------------------

The cut-off values of clopidogrel hyporesponsiveness by a recent consensus report[@B11] was suggested as follows: 1) platelet reactivity index \>50% by VASP phosphorylation assay; 2) PRU \>235-240 by VerifyNow® assay; 3) 5-µM adenosine-diphosphate (ADP)-induced maximal aggregation \>46% by LTA; and 4) ADP test AUC \>468 U by MEA assay. Of these criteria, the PRU value (235-240) derived by MACCE or the upper quartile is much lower than our data (the upper quartile of PRU=284). Also, other cut-off values of PRU reported from other Korean studies are presented as 252.5 and 274.[@B21][@B22] This discrepancy is reported to be partially related to genetic background differences of the CYP2C19 gene in comparison to Western countries. In order to understand the impact of racial difference and optimal cut-off values in Asian people, a large scale study is needed.

Clinical outcomes and hyporesponsiveness to aspirin and clopidogrel
-------------------------------------------------------------------

This study did not uncover any association between the predictive cut-off value of PRU ≥240 and increased clinical adverse outcomes, revealing no differences in the prevalence of 1-year MACCE between normal responders and low responders. In the ROC curve analysis, the VerifyNow® assay also did not show a better ability to distinguish between patients with or with MACCE. Put simply, the PPR by the VerifyNow® assay in our patients did not provide any helpful information to predict clinical adverse outcomes.

The recent Gauging Responsiveness with A VerifyNow assay-Impact on Thrombosis And Safety (GRAVITAS) randomized trial[@B23] is a study of tailored antiplatelet therapy regarding HPR that was assessed by the VerifyNow® assay at 12 to 24 hours after PCI; it did not show clinical efficacy of VerifyNow® to discriminate between patients with or without clopidogrel hyporesponsiveness for predicting the occurrence of clinical adverse events. Even though numerous previous studies[@B18][@B24][@B25] have reported that HPR is associated with clinical adverse outcomes, and there has been a recent consensus report,[@B11] there is still debate on platelet function testing methods, cut-off points, and loading doses and times. The current laboratory methods of platelet function tests have major limitation, because they are not suitable for repetitive measurements at the bedside.

Predicting cardiovascular events by dual point of care methods
--------------------------------------------------------------

There are a few studies regarding prediction of cardiovascular events using dual point of care (POC) methods (ARU and PRU). Pinto Slottow et al.[@B26] reported that ARU and PRU values are significantly different between stent thrombosis patients when compared to controls. Also, Lee et al.[@B27] reported the relationship between on-treatment platelet reactivity and a 6-month cardiac event rate. In this report, tertiles of ARU (406, 463) or PRU (184, 265) values were not able to discriminate patients with future thrombotic events, but combining the tertiles of these two values were significantly effective for predicting future events. Interestingly, lower values derived when combining these two values (ARU \<406 and PRU \<184) did show any ischemic events. Although the GRAVITAS trial did not show the value of a POC device guided with increasing doses of clopidogrel, the role of this device needs to be further evaluated. This is particularly needed in the current era of new antiplatelet agents (e.g., prasugrel, ticagrelor) for the prediction of ischemic events as well as bleeding events.

Limitations
-----------

This prospective observation study had several limitations. First, the small sample size may have been insufficient to uncover relatively rare clinical events, especially stent thrombosis. However, a large scale trial would also have the same problem due in part to improvement of drug-eluting stents structure and emerging PCI techniques and devices. Second, the use of 300 mg of clopidogrel as a loading dose could have a limitation to assess true HPR compared to the higher dose of 600 mg. However, the 300 mg dose followed the guideline recommendations at the start of this study, and we gave the loading dose of 300 mg at least 6 hours before PCI and checked platelet function at least 12 hours later. Therefore, the results of HPR were reliable, because the patients were already in the steady-state. Third, we did not compare other platelet function tests or genetic tests to glean more information about the complexities of platelet hyporesponsiveness.

In conclusion, hyporesponsiveness to antiplatelet agents (namely aspirin and clopidogrel) was identified in about half of the patients. The cut-off points of PRU ≥240 or ARU \>550 did not confer predictive value for 30-day or 1-year clinical event rates in patients who had undergone PCI with drug-eluting stent implantation.
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###### 

Baseline demographic and clinical characteristics
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^\*^PRU ≥240, ^†^Responder vs. low responder. ACE: angiotensin-converting enzyme, BMI: body mass index, LAD: left anterior descending, LCx: left circumflex, LMCA: left main coronary artery, NSTEMI: non ST-elevation myocardial infarction, MI: myocardial infarction, Pre: previous history, PCI: percutaneous coronary intervention, RCA: right coronary artery, STEMI: ST-elevation myocardial infarction, VD: vessel disease, WBC: white blood cells

###### 

Predictors of low responsiveness to clopidogrel
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CCBDHP: calcium channel blocker of dihydropyridine class, CI: confidence interval, DM: diabetes mellitus, OR: odds ratio

###### 

Clinical outcome at 12 months
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MI: myocardial infarction
